Previous data for the distribution of the n-alkyl carboxylic acids between aqueous buffers and heptane have suggested that the free energy of transfer between the two solvents does not increase with the length of the alkyl chain beyond palmitic acid, indicating a limit to the hydrophobicity of the alkyl chain at a length of about 15 carbon atoms. It is shown in this paper that previous measurements were influenced by unexpectedly strong pH-dependent association of the long-chain acids in the aqueous phase. Under conditions where such association becomes negligible, the free energy of transfer becomes a strictly linear function of alkyl chain length for all acids up to behenic acid (C21H43COOH).
This work was undertaken to examine the suggestion of Mukerjee (1, 2) that the hydrophobicity of n-alkyl carboxylic acids does not increase indefinitely with the length of the alkyl chain,. but reaches a limit at a chain length of about 15 carbon atoms. Mukerjee's suggestion was based on the studies of Goodman (3) of the distribution of fatty acids between aqueous solutions and liquid heptane, and in particular on anomalous results obtained for C,5COOH and C17COOH. In this paper the measurements of Goodman have been repeated and extended, and their interpretation has been reinvestigated. An additional acid, behenic acid (C21COOH), has been included in the study.
THERMODYNAMIC FORMULATION
The unitary free energy of transfer of an acid HA between water and a hydrocarbon such as heptane may be taken as a measure of its hydrophobicity; this quantity, in turn, is pro- Hc is sufficiently small to permit approach to ideal solution behavior. Goodman (3) circumvented this difficulty by use of a pH far above the expected pKa for the acid. Under these conditions HA in the aqueous phase is in equilibrium with a large excess of the anionic form A -, and, assuming otherwise ideal behavior in both solvents, the observed distribution ratio R of total acid may be written as Ro = [HA]Hc/[A-w = KpaH+/Ka [1] Abbreviations: HA represents any acid in the series, and A -is the corresponding anion. C.COOH is used to designate a particular acid, e.g., C15COOH is palmitic acid. Square brackets represent molar concentrations, and the subscripts W and HC refer to the aqueous and hydrocarbon solvents, respectively.
where Ro is used to indicate that the equation applies only under limiting ideal conditions.
Goodman (3) observed that experimental values of R depend on total acid concentration. He attributed this dependence to dimer formation in the organic phase, 2HA H2A2, for which there is abundant evidence (4-6). For C7COOH, C9COOH, C11COOH, and C13COOH, the concentration dependence could indeed be accounted for in terms of reasonable values for the equilibrium constant for the dimerization process For these acids, therefore, measurements of R at sufficiently low concentration, where R becomes independent of concentration, can confidently be used to evaluate Kp by Eq. 1. Values of log K. obtained in this way are linear functions of chain length, and both absolute values and the dependence on chain length are reasonable in the light of other data, as has been discussed elsewhere (7) .
The observed concentration dependence of R for C15COOH and C17COOH is, however, less than expected on the bass of dimerization in the organic phase. Mukerjee (1, 2) There is considerable evidence that dimerization of moderately long-chain fatty acids in water occurs (2, 8) , but it appears probable (9) that the principal dimer is not A2= but HA2-, and that a hydrogen bond between a protonated and an unprotonated carboxyl group plays an important role in the association. Evidence for the formation of remarkably strong hydrogen bonds of this type also comes from pKa measurements of dicarboxylic acids containing hydrocarbon groups (10) (11) (12) (13) (16) for the same acid at pH 8.5 . For this acid the conditions for applicability of Eq. 1 are evidently not met at neutral pH, but Fig. 5 shows that they are satisfied at pH 8 and above. The value of log KP obtained from the data at higher pH is 5.64 + 0.05.
A striking aspect of all of the studies with C15COOH, at all pH values, is that R is virtually independent of concentration, although concentrations in the organic phase are as high in some of the experiments as those at which marked association occurs for C,3COOH. Since Kd is expected to be independent of chain length, this result means that the association-dependent terms in the denominator of Eq. 2 must under the conditions of the experiments be of comparable magnitude to the term 2KdKP [HA ] w in the numerator.
For C17COOH, R is essentially independent of concentration at pH 11.82, but at pH 10.5 and 9.8 ( Fig. 3) there is marked concentration-dependence, in the opposite direction from that observed for C13COOH. This effect of pH on the concentration dependence of R can be explained in terms of Eq. 2 only if association in the aqueous phase involves higher aggregates than HA2-; the dramatic reversal in direction in going from C13COOH to C17COOH is consistent with this conclusion. At pH 7.1 we again observed R to be nearly independent of concentration, and a similar result was obtained by Goodman at pH 7.45. The limiting values of R/aH + shown in Fig. 5 , are all self-consistent and indicate that for this acid the conditions for applicability of Eq. 1 are not satisfied except at pH 9 and above.* The value of log KP obtained from the results above pH 9 is 6.8 4 0.15.
For C21COOH, all measurements were made above pH 9. The concentration dependence was always in the same direction as for C17COOH in Fig. 3 , except at the highest pH used (pH 13.60), where R became independent of concentration.
In the experiments where concentration dependence was observed, it was impossible to extend measurements to a sufficiently low concentration to obtain a limiting value of R, as is illustrated by Fig. 4 Fig. 6 that the free energy of transfer of C.COOH between heptane and aqueous solutions increases linearly with the length of the alkyl chain, at least as far as n = 21, corresponding to the longest acid used in this work. The apparent limit to the hydrophobicity of an alkyl chain at a length of 15 carbon atoms, deduced from earlier data, has been shown to result from the use of Eq. 1 for the calculation of KP under conditions where this equation is, in fact, invalid.
Our result is consistent with the observation to Evans (17) that the free energy of micellization of alkyl sulfates changes linearly with chain length to at least 18 carbon atoms.
Failure of the results to obey Eq. 1 arises from association between solute molecules in either phase. Our results show unequivocally that dimeric species cannot account for the observed deviations from Eq. 1, and that higher aggregates must be formed in the aqueous phase. We do not have sufficient detailed data at relatively low pH to be able to determine the stoichiometry or formation constants of the dominant aggregated species. The very high pH that has to be used before aggregation can be neglected indicates that the aggregated species must retain one or more protons with remark-able tenacity. A corollary is that hydrogen bonds between COO-and COOH are extraordinarily stable when carboxyl groups are attached to long alkyl chains, a conclusion that is supported by other evidence (9-13).
All our experimental results were obtained at concentrations in the aqueous phase below the critical micelle concentrations of the acid anions. However, mixed micelles containing both HA and A -would be stabilized by hydrogen bonds between the charged and uncharged head groups, and the formation of such micelles at very low concentrations is possible. The strength of the hydrogen bond between COOin a hydrophobic environment also suggests that it may not be entirely safe to assume the absence of aggregates containing acid anions (and, presumably, accompanying counterions) in the organic phase. Further study of the system at lower pH is needed to provide convincing evidence on these questions.
